A model for the universe with a self-interacting fermionic tachyon field is investigated. It is shown that for proper choose of self-interaction potential, this field can produce an accelerated era which can be interpreted as dark energy dominated period. At late time the acceleration tends to a constant value as we expect from cosmological constant.
I. INTRODUCTION
In modern cosmology there are two periods of accelerated expansion, first stage is inflationary era which is proposed to solve standard cosmology problems and produce perturbation seeds, the second one is the universe at the present time which is expanding with positive acceleration; we consider the latter case. There are several models for describing this phase, the simplest one is cosmological constant which is just a constant added to the Einstein field equation, the ΛCDM model. Although it is in a good agreement with observational data [1] , from theoretical point of view, there must be some physical thing that makes our universe expand with acceleration. This factor is called dark energy which contributes about 68 percent of the total energy in our present universe according to many observational data [2, 3] . There are different approaches to explaining dark energy [4] [5] [6] [7] [8] [9] [10] . One of these possibilities is to have some kind of matter which can make accelerated expansion. It is shown that a fermionic source can cause acceleration [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Several models for fermion field is investigated. In these models, it is shown that fermionic field can take a major role in the inflaton in the early universe, or dark energy in the late-time universe. On the other hand tachyon field, which is first inspired by string theory, can produce inflation as well [27] [28] [29] [30] [31] . Also it is shown that the scalar tachyon can be interpreted as dark energy [32, 33] . In this work, we investigate if a fermionic tachyon can also take the role of dark energy. The idea of existence of fermionic tachyon field is inspired by some evidence that neutrino has negative effective mass [34] as we expect from a fermionic tachyon [35] . Although the fermionic tachyon field which takes the role of dark energy in our model is not necessarily neutrino. We consider the universe includes two fields; matter field which is responsible for deceleration and fermionic tachyon field which makes accelerated expansion. There is no direct interaction between these two components, they feels each other vie gravity. We also take account of the irreversible processes between the matter and gravity to thermalize expanding universe. Since a quantum relativistic particle is described by the Dirac equation, first of all we consider a generalized form of this equation for tachyons. In order to connect modified Dirac equation with general relativity, we use tetrad formalism as it is common in the literature. Then we solve equations of motion with a self-interaction potential and Einstein's equation in flat FRW background. We choose a specific form for the potential and solve this equations numerically. We use the signature (+,-,-,-) and natural units, i.e. 8πG = c = = k = 1.
The structure of this work is as follows, In Sec.II we review the tetrad and Dirac formalism for tachyons in curved space-time. In Sec.III the field equations for a spatially flat isotropic and homogeneous universe in presence of a fermionic tachyon field are derived. At the end we conclude and discuss our results in Sec.IV.
II. REVIEW OF TETRAD FORMALISM
In this section we will review the techniques which are used to include fermions in general relativity [36] [37] [38] [39] and generalized them to tachyons. It is not possible to have a spinor representation in general relativity gauge group, using tetrad formalism provides a way to generalize Dirac equation in Minkowski space-time to curved space-time. In this formalism we go to locally inertial frame which is related to curved space-time through,
( 1) where g µν and η ab are curved metric and local inertial frame respectively. Here e µ a is tetrad or vierbein which relates quantities in locally inertial frame to their counterparts in curved spacetime as imposed by general covariance principle. The Latin and Greek indices refer to Minkowski and curved space-time respectively.
The Dirac Lagrangian in Minkowski space-time is,
whereψ = ψ † γ 0 is the Dirac adjoint spinor field, m denotes the fermionic mass and V represents the potential density of self interaction between fermions which is a function of ψ andψ.
As imposed by general covariance principe, we should replace the Dirac-Pauli matrices γ a with their counterparts in curved space time [38] ,
These generalized Dirac-Pauli matrices satisfy {Γ µ , Γ ν } = 2g µν . We also need to substitute the generalized covariant derivatives for their ordinary derivatives, i.e.
where Ω µ s are spin connections and defined as below,
with Γ ρ µδ denoting the Christoffel symbols. By replacing the covariant quantities in Dirac Lagrangian we arrive at the "generally covariant Dirac Lagrangian",
In the second step, we require to write a Lagrangian for a fermionic (psudeo)tachyon. According to Weyl constraint for massless spinor,
the above equation admits to write the kinetic part as
it is supposed that this kinetic part plus the mass and potential terms can form a Lagrangian for tachyon [35] . So in summary the Dirac Lagrangian density for a fermionic (psudeo)tachyon in
Minkowski space-time can be written as [28, 30, 35, 40 ]
To generalize this equation to curved space-time we follow the tetrad formalism and replace the covariant quantities (3) and (4), in tachyon Lagrangian to arrive at "covariant tachyon Dirac
. the Euler-Lagrange equations give the "covariant Dirac equations"
for the tachyonic spinor field and its adjoint to coupled gravity
The total action is
whereL m is the matter Lagrangian density andL g = R 2 is the gravity part (R is the Ricci scalar). Variation of the total action with respect to metric g µν gives Einstein equations
with T µν is the total energy-momentum
The first term is due to fermionic tachyon field,
and the second term is related to matter field.
III. DIRAC AND EINSTEIN EQUATIONS IN FRW BACKGROUND
To be more explicit, we consider a spatially flat FRW metric, which is consistent with observational data, the metric is as below
with a(t) is the scale factor. In an isotropic and homogeneous universe the energy-momentum tensor takes the form,
where ρ and p denote the total energy density and the total pressure respectively. The quantity ̟ denotes the non-equilibrium pressure due to irreversible process of energy transfer between the matter and the gravitational field and production of particle [41] [42] [43] [44] [45] . For later convenience, we decompose the tachyon and the matter contributions, i.e, ρ = ρ f + ρ m and p = p f + p m . The continuity equation is given by conservation law of the total energy-momentum tensor T µν ;ν = 0 as,
with H =ȧ(t)/a(t) is the Hubble parameter. As usual, the Friedman equations in FRW metric (15) are,
We use the tetrad formalism with FRW metric (15), from (1), the tetrad components are as follows,
Hence the Dirac matrices (3) and spin connection components (5) become
By identifying the components of the energy-momentum tensor of the fermionic tachyon field
, the non-vanishing components of the energy-momentum tensor of the fermionic tachyon field (14) are as follows,
One can obtain from (23) and (24) the conservation law for the energy density of the tachyon fielḋ
It means that the conservation equation of tachyon field is decoupled from matter field i.e. the density evolution of the fermionic tachyon field is decoupled from matter density From (17) and (25) for matter field density we have:
The right hand side is the rate of matter energy production. The extended (causal or second-order) thermodynamic theory implies that in a linearised theory the non-equilibrium pressure, ̟, satisfies the evolution equation,
where τ denotes a characteristic time and η is the bulk viscosity coefficient. We consider a barotropic equation of state for the matter field, i.e. p m = w m ρ m with 0 ≤ w m ≤ 1. We also assume that the coefficient of bulk viscosity η and the characteristic time τ are related with the energy density ρ through η = αρ and τ = η/ρ, where α is a constant [46, 47] .
In order to get cosmological solution we must specify the exact form of the self-interaction potential "V " which is a function of scalar invariant (ψψ) 2 and pseudo-scalar invariant (ψγ 5 ψ) 2 [19, 20, 29] . We consider self-interaction potential of the form ,
where λ is a non-negative coupling constant and the exponent n is a constant.
By substituting (28) in (24), we have
Since we are interested in that case in which fermionic tachyon takes the role of dark energy; p f must be negative, hence we have n < Friedman equations (18 and 19) , matter conservation equation (26) and evolution equation of nonequilibrium pressure (27) form a system of coupled ordinary differential equations. We shall find solutions to this system of equations for given initial conditions. We adjust the clocks in a way that a(0) = 1, we choose the initial conditions as below [20] 
where ψ 1 (t), ψ 2 (t), ψ 3 (t) and ψ 4 (t) are components of ψ. Since we are investigating the old universe which is dominated by non-relativistic matter or dust, we have w m = 0 so that p m = 0. From
Friedman equation (18) we have,ȧ
We choose the other parameters as below, Figure 1 displays energy densities of fields, both densities reduce with time but due to decaying of matter after a while the the fermionic tachyon field dominates and the universe goes into an accelerated regime even if the initial value of matter density was much more than initial value of the fermionic tachyon density. This accelerated period can be interpreted as "dark energy" dominated era. In the second figure 2 acceleration of the universe(ä) is depicted, at first since the matter is dominated there is a deceleration era. After a while the density of dark energy i.e. fermionic tachyon field overcomes the matter density and the universe goes into an acceleration period. For large value of time the acceleration tends to a constant due to self-interaction potential behavior for large t. It seems that this potential takes the role of cosmological constant. The exponent n affects the form of potential and hence the acceleration. As we decrease value of the exponent, we gain larger acceleration.The reduction of n also makes the dark-energy era begin sooner. Although the model strongly depends on self-interaction potential, the mass parameter of tachyonic field has no significant effect on our result. For massless tachyon the equation of state is barotropic, i.e.
p f = (2n − 1)ρ f ; from (25) we arrive at ρ f ∝ 1/a 6n and ω f = 2n − 1.
Decaying of matter slows down by considering the irreversible processes which are controlled by the parameter α. Varying the parameter α has a tiny effect on tachyon density, but makes the tachyon dominated era begins later see Figs. 3 and 4. It seems that even we ignore these irreversible processes the main feature of this model does not change, however the presence of viscosity can describe the thermodynamic dissipative effects in the expanding universe. 
IV. CONCLUSION AND DISCUSSION
In this work, we propose a model in which fermionic tachyon self-interaction potential produces an accelerated expansion. We suggest a self-interaction potential which has a crucial role in producing accelerated expansion. The potential is a function of scalar invariant (ψψ) 2 and pseudo-scalar invariant (iψγ 5 ψ) 2 . There are three free parameters in potential, β 1 , β 2 and exponent n. We choose β 1 = β 2 = 1 which means that scalar and pseudo-scalar invariants have equal shares in the potential. Our numerical analysis shows that the rate and amount of expansion depends on n. For
